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@ Bioelastomeric drug delivery system. 

(§) A drug delivery composition, comprising a 
bioelastic polymer, comprising monomelic un- 
its selected from the group consisting of 
bioelastic pentapeptides, tetrapeptides, and 
nonapeptides, and a drug retained by the 
polymer, wherein the polymer is selected to be 
in a first contraction state, selected from the 
group consisting of contracted and relaxed 
bioelastomer states, when contacted with a 
physiological condition present in a human or 
animal to whom the composition is adminis- 
tered and wherein the polymer contains a reac- 
tive functional group that undergoes a reaction, 
either in the presence of the physiological con- 
dition or when the polymer is transported by a 
natural process in the human or animal to a 
different location having a different physiologi- 
cal condition, to produce a second functional 
group, wherein the presence of the second 
functional group in the polymer causes the 
polymer to switch to the other of the contrac- 
tion states, thereby making the drug available 
for release from the composition. 
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The present invention is directed to the field of 
bi elastomeric polymers and to uses there f. 

Bioelastic polypeptides are a relatively new 
development that aros in the laboratories of th pre- 
sent inventor and which are disclosed in a series of s 
previously filed patents and patent applications. For 
example, U.S. Patent No. 4,474,851 describes a num- 
ber of tetrapeptide and pentapeptide repeating units 
that can be used to form a bioelastic polymer. Specific 
bioelastic polymers are also described in U.S. Patent 10 
Nos. 4,132,746; 4,187,852; 4,500,700; 4,589,882; 
and 4,870,055. Bioelastic polymers are also dis- 
closed in related patents directed to polymers con- 
taining peptide repeating units that are prepared for 
other purposes but which can also contain bioelastic is 
segments in the final polymer; see U.S. Patent No. 
4,605,413. A number of other bioelastic materials and 
methods for their use are described in pending U.S. 
patent applications including the following: stimu- 
lation of Chemotaxis by Chemotactic Peptides, 11 U.S. 20 
Serial No. 355,090, filed May 16, 1989; "Bioelastomer 
containing Tetra/Pentapeptide Units," U.S. Serial No. 
062,557, filed June 15, 1987; "Reversible 
Mechanochemical Engines Comprised of Bioelas- 
tomers," U.S. Serial No. 41 0,01 8, filed September 20, 25 
1989; "Bioelastomeric Materials Suitable for the Pro- 
tection of Wound Repair Sites," U.S. Serial No. 
184,407, filed Apm 21, 1988; "Elastomeric Polypep- 
tides as Vascular Prosthetic Materials," U.S. Serial 
No. 1 84,873, filed April 22, 1 988; and "Polynonapep- 30 
tide Bioelastomers having an Increased Elastic Mod- 
ulus," U.S. Serial No. 314,115, filed February 23, 
1989. All of these patents and patent applications are 
herein incorporated by reference, as they describe in 
detail bioelastomers that can be used in the compo- 35 
sitions and methods of the present invention. These 
bioelastic materials have been proposed for a number 
of uses, as indicated by the general subject matter of 
the applications and patents as set forth above. 

The present invention is directed to a new use of 40 
bioelastic materials, namely as part of a drug delivery 
system that can be finely tuned so that drug is 
released in a particular environment 

In the past compositions used for selective drug 
delivery have been prepared by designing a particular 45 
composition that reacts chemically at a preselected 
rate that depends on the environment in which the 
composition is found. For example, a coating which is 
resistant to acid but which dissolves under basic con- 
ditions can be applied to a capsule so that the capsule so 
passes through the stomach of a subject to whom the 
capsule is administered and dissolves in the intestine 
of that subject (an enteric-coated capsule). Although 
such materials have prov n suitable for a number of 
uses, there is a continued need for advances in drug 55 
delivery systems. 

In addition to the patents and patent applications 
cited above, a number of publications in the scientific 



literature are relevant to the present invention. These 
publications are listed below, and reference is mad 
in the foil wing specification to these literature refer- 
ences by giving th reference number In parentheses 
at the location where the reference is being cited. 

1. Unry, D.W.: J. Protein Chem. 7, 1-34 (1988). 

2. Urry, D.W.: J. Protein Chem. 7, 81-114(1989). 

3. Urry, D.W.: American Chemical Society, Div. of 
Polymeric Materials: Sci. and Engineering 62 
(1990). 

4. Hollinger, J.O., J.P. Schmitz, R. Yaskovich, 
M.M. Long, K.U. Prasad, and D.W. Urry: Calacif. 
Tissue Int 42, 231-236 (1988) 

5. Urry, D.W.: Int). J. Quantum Chem.: Quantum 
Biol. Symp. 15, 235-245 (1988). 

6. Edsall, J.T. and HA McKenzie: Adv. Biophys. 
16, 53-183 (1983). 

7. Kauzman, W.: Adv. Protein Chem. 14, 1-63 
(1959). 

8. Urry, D.W., C-H Luan, FL Dean Harris, and Karl 
U. Prasad: Polymer Preprint Am. Chem. Soc. Div. 
Polym. Chem. (1 990). 

9. Urry, D.W.: J. Protein Chem. 3, 403-436 
(1984). 

10. Chang, D.K., CM. Venkatachalam, K.U. 
Prasad, and D.W. Urry; J. of Biomolecular Struc- 
ture & Dynamics 6, 851-858 (1989). 

11. Chang, D.K. and D.W. Urry: J. of Compu- 
tational Chemistry 10, 850-855 (1989). 

12. Urry, D.W., B. Haynes, H^hang, R.D. Harris, 
and K.U. Prasad: Proc. Natl. Acad. Sci. USA 85, 
3407-3411 (1988). 

13. Urry, D.W., Shao Qing Peng, Larry Hayes, 
John Jaggard, and R. Dean Harris: Biopolymers 
(1990). 

14. Sidman, K.R., W.D. Steber, and AW. Burg: In 
Proceedings, Drug Delivery Systems (KL 
Gabelnick, Ed.), PHEW Publication No. (NIH) 
77, -1238, 121-140 (1976). 

15. Urry, D.W., D.K. Chang, H.Zhang, and K.U. 
Prasad: Blochem. Biophys. Res. Commun. 153, 
832-839 (1988). 

16. Robinson, A.B.: Proa Nat Acad. Sci. USA 71, 
885-888 (1974). 

17. Urry, D.W.: In Methods in Enzymology, (LW. 
Cunningham and D.W. Frederiksen, Eds.) 
Academic Press, Inc. 82, 673-716 (1982). 

18. Urry, D.W., John Jaggard, R.D. Harris, D.K. 
Chang, and K.U. Prasad: In Progress in Biomedi- 
cal Polymers (Charles G. Gebeiein and Richard 
L. Dunn, Eds.), Plenum Publishing Co. (1990). 

19. Urry, D.W., J. Jaggard, K.U. Prasad, T. Par- 
ker, and R.D. Harris: Plenum Press (1990). 

20. Urry, D.W., R.D. Harris, and K.U. Prasad: J. 
Am. Chem. Soc. 110, 3303-3305 (1988). 

21 . Sciortino, F., M.U. Palma, D.W. Urry, and K.U. 
Prasad: Bioch m. Biophys. Res. Commun. 157, 
1061-1066 (1988). 



2 



EP 0 449 592 A1 



3 

22. Sciortino, F., D.W. Urry, M.U. Palma, and K.U. 
Prasad: Biopoiym rs (1990). 

23. PHt, C.G. and A. Schindl r, In Progress in 
Contraceptive Deliv ry Systems (E. Hafez and 
W. Van Os, Eds.). MTP Press Limit d 1, 17-46 
(1980). 

SUMMARY OF THE INVENTION 

It Is an object of the present invention to provide 
a drug delivery system that can be finely tuned to 
release a drug at a predetermined rate upon the exist- 
ence of a set of predetermined conditions in contact 
with the drug-containing composition. 

It is a further object of this invention to provide a 
drug delivery system that can rapidly release a unit 
dose of drug upon a relatively small change in 
physiological conditions. 

It is still another object of the invention to provide 
a drug-containing composition which can be implan- 
ted and programmed to release drug over a predeter- 
mined period ranging from days to decades 
depending on the particular composition selected for 
the matrix portion of the system. 

These and other objects of the present invention 
as will hereinafter become more readily apparent 
have been accomplished by providing a drug delivery 
composition comprising a bioelastic polymer, com- 
prising elastomeric units selected from the group con- 
sisting of bioelastic pentapeptides, tetrapeptides, and 
nonapeptides, in the form of a solid matrix, and a drug 
contained in the matrix. By selecting the side chains 
present in the polymer portion of the composition, fine 
control is possible over both the drug release rate and 
the location at which drug is released in an human or 
animal body. 

The present invention wDl be better understood 
by reference to the following detailed description of 
the invention and the drawings which form part of the 
present specification, wherein: 

Figure 1 is a graph showing chemical modulation 
of , inverse temperature transitions and 
chemomechanical transduction for polymers used in 
compositions of the present invention. 

Figure 2 is a diagram showing degradation of a 
monolithic composition of the present invention 
u niformly doped with drug which swells at a rate deter- 
mined by hydrolysis of functional groups present in 
the polymer portion of the composition. 

Figure 3 is a graph showing cooperative and pK 
shifts for both anionic and cationic chemical couples 
and the effects of such shifts on the relaxed (swollen) 
or contracted state of a bioelastomeric polymer. 

Figure 4 is a diagram sh wing two types of 
chemomeccanical pumps: a swollen, drug-laden 
bioelastic matrix that is chemically driv n to contrac- 
tion and expulsion of drug upon contacting a preselec- 
ted physiological condition and a liquid-filled 



bioelastic nvelop that expells its liquid contents 
(which contain the drug) upon contacting the pre- 
select d condition. 

Figure 5 is a graph showing fibroblast migration 
5 induced by release of a chemotactic hexapeptide 
from a bioelastomeric matrix. 

Figure 6 is a graph showing fibroblast migration 
induced by release of a chemotactic nonapeptide 
from a bioelastomeric matrix. 

10 

DESCRIPTION OF THE SPECIFIC 
EMBODIMENTS 

The present invention provides new uses for and 
15 new compositions containing bioelastic polypeptides. 
Bioelastic polypeptides have been fully characterized 
and described in a number of patents and patent 
applications described above. These materials con- 
tain either tetrapeptide, pentapeptide, or nonapeptide 
20 monomers which individually act as elastomeric units 
within the total polypeptide containing the monomelic 
units. The elasticity of the monomeric units is believed 
to be due to a series of p-tums in the protein's secon- 
dary structure, i.e., the conformation of its peptide 
25 chain, separated by dynamic (as opposed to rigid) 
bridging segments suspended between the p-turns. A 
p-turn is characterized by a 10-atom hydrogen-bon- 
ded ring of the following formula: 



35 
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In this formula RrRe represent the side groups of the 
respective amino acid residues. The 10-atom ring 

45 consists of the carbonyl oxygen of the first amino acid, 
the amino hydrogen of the fourth amino acid, and the 
intervening backbone atoms of amino acids two and 
three. In this monomeric unit as shown, the remaining 
backbone atoms of the chain (the remainder of amino 

so acid four, amino acid five, and the first part of amino 
acid one of the next pentameric unit) form the bridging 
segment that is suspended between adjacent p-tums. 

This p-tum-containing structure is described in 
the prior pat nts and patent applications cited above 

55 and need n t be described again in detail. Consider- 
abl variations in th amino acids that are pres ntat 
various locations in th repeating units is possible as 
long as the multiple p-tums with intervening suspen- 
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d d bridging s gments are retained in order to pre- 
serve elasticity. Furthermore, it is possible to prepare 
polypeptides in which these monomeric units are 
interspersed throughout a larger polypeptid that con- 
tains peptide segments designed for other purposes. s 
For example, rigid segments can be included to 
increase the modulus of elasticity or segments having 
biological activity (such as chemotaxis) can be 
included for their biological activity. 

These elastomeric materials, which include the 10 
prototypic poIy(Val 1 -Pro^1yM/ai 4 -Gly 5 ) and po- 
ly(VaP-Pro2-GlyM3ly4) molecules as well as numer- 
ous analogues, when combined with water form 
viscoelast'c phases which when cross-linked result in 
soft, compliant, elastomeric matrices (1-3). The is 
VPGVG-based polypentapeptide (and other bioelas- 
tomers) has been shown to be biocompatible both 
before and after cross-linking (4). As implants, such 
btoelastic polymers are biodegradable, leading to the 
release of products natural to the body, such as short 20 
peptide chains and free amino acids. These polymers, 
also referred to as elastomeric polypeptide biomate- 
riats or simply btoelastic materials, can be prepared 
with widely different water compositions, with a wide 
range of hydrophobicities, with almost any desired 25 
shape and porosity, and with a variable degree of 
cross-linking (either chemically or by irradiation) by 
selecting different amino acids for the different posi- 
tions of the monomeric units and by varying the cross- 
linking process used to form the final product 30 

The present invention arose in part with the reali- 
zation that matrices prepared from these bioelas- 
tomeric materials can be used to hold a significant 
variety of drugs for drffiisional release. Furthermore, 
residues with functional side chains, such as GIu, Ser, 35 
Lys, etc., can be used in order to attach drugs cova- 
lentiy. Then drug release could also be dependent on 
the rate of cleavage of the drug-polymer bond, 
depending on the particular type of bonding that is 
selected. 40 

There are, however, additional capacities that 
these materials have which provide for site specificity 
and a special degree of control over the time release 
profile that is not available for materials previously 
used for the preparation of drug-containing compo- 45 
s'rtions. These involves the capacity of these materials 
to be designed to function as free energy transducers, 
for example, specifically to exhibit thermomechanical 
transduction and chemomechanical transduction 
(mechanochemical coupling) (5). Associated with so 
these transduction processes can be dramatic local 
swelling or contraction in aqueous media. Volume 
changes of an ord r of magnitud and more can be 
triggered to provide a greatly enhanced rate of drug 
release into th biological environment Eith r swel- 55 
ling or contracting process can be used to trigger 
release of drugs in varying fashions as described 
herein. 



Furth nmore, bioelastom rs can be prepared that 
contain "chemical docks, 11 a phrase used to refer to 
chemical processes that can be set to react upon the 
existence of a particular condition in contact with the 
btoelastic polymer for a preset length of time. For 
example, bioeiastomers can be selected tor triggering 
chemomechanical transduction in a constant external 
environment, such as would be experienced by a 
drug-impregnated implant, with the half-Jives varying 
one-thousand fold from days to decades. Other 
bioeiastomers can be designed so that a unit dose of 
drug present in the matrix is expelled immediately 
upon a change in conditions contacting the matrix, 
such as would occur when a particle prepared from a 
bfoelastomer leaves the bloodstream and enters ext- 
racellular space in the vicinity of a tumor. Such mate- 
rials are more in the nature of a bomb than a 
time-release system, since a change of contraction 
state (and resulting drug release) begins when the 
correct environment is contacted rather than occuring 
at a constant rate in a given environment, but the pro- 
cess governing them Is basically the same. The half- 
life of the change in contraction state can likewise be 
selected to range from a few minutes to several hours 
or more. 

A description of the process of designing bioeias- 
tomers specifically for use as "time-release systems" 
or "bombs," as these phrases relate to drug delivery 
systems, is described below in detail. Basically, a 
bioelastomer is selected that is capable of being 
chemically modulated upon contact with a pre-selec- 
ted physiological condition so that the inverse tem- 
perature transition point of the bioelastomer changes; 
this change brings about unfolding and disassembly 
of polymer matrices or brings about a contraction that 
causes release of drug trapped in polymer matrices. 

The specific examples used below to illustrate 
this process are mostly examples of elastomeric 
polypentapeptide matrices. However, it will be appa- 
rent that the same considerations can be applied to 
elastomeric tetrapeptide and nonapeptide matrices 
and to matrices prepared using these elastomeric 
units in combination with other polypeptide units as 
described previously for btoelastic materials. 

INVERSE TEMPERATURE TRANSITION AND 
THERMOMECHANICAt TRANSDUCTION : 

The phenomena of inverse temperature transi- 
tions in aqueous systems is general and occurs in a 
number of amphiphilic systems, commonly polymers, 
that have an appropriate balance and arrangement of 
ap lar and polar moieties. The polar species contri- 
but to the solubility in water at low temperature, a sol- 
ubility that results in waters of hydrophobic hydration 
for the apolar moieties. The waters of hydrophobic 
hydration, often referred to as clathrate or clathrate- 
like water, have specific thermodynamic properties: 
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an exothermic heat of hydration {a negative AH) and 
a negative ntropy of hydration (6,7). On raising the 
temperature, by means of an endothermic transition 
(8), the low entropy waters of hydrophobic hydration 
become bulk water with a significant increase in sol- 
vent entropy as the polymers fold and aggregate, 
optimizing intra- and in termoi ecu lar contacts between 
hydrophobic (apolar) moieties with a somewhat lesser 
decrease in polymer entropy than increase in solvent 
entropy. Such polymers, when their transitions occur 
between 0° and 100°C, can be used to control events 
in the aqueous environments that occur in biology. 

The polypentapeptide poly^aM-ProZ-Glya-Val 4 - 
Gly 6 ), also written poly(VPGVG), is a particularly well- 
balanced polymer lor biological utilities as its 
transition is just complete near 37°C. Below 25°C, It 
is miscible with water in all proportions where it exhi- 
bits a p-tum (see structural formula above) in which 
there occur hydrogen bonds between the VAL 1 -CO 
and the VAIMMH moieties (9). On raising the tempera- 
ture, the polypentapeptide folds into a loose helix in 
which the dominant intertum hydrophobic contacts 
involve the Val 1 -yCH 3 moieties in one turn and the 
Pro^pCr^ moiety in the adjacent turn (1 0). The loose 
helical structure is called a dynamic 0-spirai and is 
proposed to be the basis for the entropic elastomeric 
force exhibited by this material once cross-linked (1 1). 
Concomitant with the folding is an assembly of 0-spi- 
rals to form a twisted filament which optimizes inter- 
molecular contacts. 

When polyfVPGVG) is cross-linked, for example, 
by 20 Mrads of y-irradiation, an elastomeric matrix is 
formed which is swollen below 25°C but which on rais- 
ing the temperature through the transition contracts 
with the extrusion of sufficient water to decrease the 
volume to one-tenth and to decrease the length of a 
strip of matrix to 45% of its swollen length (2). This 
thermally driven contraction can be used to lift weights 
that are one thousand times the dry weight of the mat- 
rix. This is called thermomechanical transduction. As 
will be discussed below, any chemical means of rever- 
sibility or irreversibility shifting the temperature of the 
transition can be used, isothermally, to achieve 
chemomechanical transduction. Compositions of the 
invention are specifically selected to use this process 
to control the release of drugs from the composition. 

CHEMICAL MODULATION OF INVERSE 
TEMPERATURE TRANSITIONS AND 
CHEMOMECHANICAL TRANSDUCTION: 
SELECTION OF BIOELASTOMERS 

The temperature of inverse temperature transi- 
tions can be changed by changing the hydrophobicity 
of the polymer. For example, make the polypeptide 
more hydrophobic, as with polyOle^Pro^lyWaf 4 - 
Gly 6 ), where replacing Val 1 by lie 1 represents the 
addition of one CH 2 moiety per pentamer, and th 
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temperature of the transition decreases by 20°Cfrom 
30°C for poly(VPGVG) to 10°C for poiy(IPGVG) (1). 
Similarly, decreasing the hydrophobicity as by replac- 
ing Val 4 by Ala 4 , i.e., removing the two Crfc moieties 
5 per pentamer, and the temperature of the transition is 
raised by some 40°C to 70°C. 

In terms of a generalized hydrophobicity scale, 
the COOH moiety is more hydrophobic than the COOT 
moiety such that by simply changing the pH of the 

10 environment contacting a bioeiastomer with free car- 
boxylate groups, the temperature of the transition can 
be changed. The transition temperature can be low- 
ered by decreasing the pH and raised by increasing 
the pH when a carboxyiate group is present (or other 

is group capable of forming an ion upon increasing the 
pH). If an intermediate temperature is maintained, 
then a 20 Mrad cross-linked matrix of poly[4(VPGVG), 
(VPGEG)], that is, a random copolymer in which the 
two pentameric monomers are present in a 4:1 ratio, 

20 where E = Glu, will contract on lowering the pH and 
relax or swell on raising the pH (12). The temperature 
of the transition in phosphate buffered saline will shift 
some 50°C from about 20°C at low pH f giving COOH, 
to nearly 70°C at neutral pH where all the carboxyis 

25 have been converted to carboxyiate anions. See Fig- 
ure 1, panel A. 

For similarly cross-linked poly[4(IPGVG),(IPGEG)], 
the temperature of the inverse temperature transition 
shifts from near 10°C for COOH to over 50°C for 

30 COO"(5). This shift is shown schematically in Figure 
1( panel B). For this more hydrophobic polypentapep- 
tide, which contains 4 Glu residues per 100 total 
amino acid residues, it takes twice as many carboxyi- 
ate anions to shift the transition to 40°C as for the less 

35 hydrophobic polypentapeptide based on the VPGVG 
monomer. Thus, it is possible to change the condi- 
tions of the transition by varying the hydrophobicity of 
the region surrounding the group that undergoes the 
chemical change. Since contraction and relaxation of 

40 the bulk polymer is dependent on the sum of all local 
thermodynamic states, sufficient control is possible 
merely by controlling the average environment of, for 
example, ionizable groups, such as by changing the 
percentage of monomers present in a random (or 

45 organized) copolymer. 

When the pH is lowered (that is, on raising the 
chemical potential, \l, of the protons present) at the 
isothermal condition of 37°C, these matrices can 
exert forces, f; sufficient to lift weights that are a 

so thousand times their dry weight This is 
chemomechanical transduction, also called 
mechanochemical coupling. The mechanism by 
which this occurs is called an hydration-mediated 
apolar-poiar repulsion free energy and is charac- 

55 terized by the equation (5fi/5:f) n <0; that is, th change 
in chemical potential with respect to force at constant 
matrix composition is a n gative quantity (13). Such 
matrices take up protons on stretching, i.e., stretching 
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exposes more hydrophobic groups to water which 
makes the COO" moieties energetically less favored. 
This is quite distinct from the charge-charge repulsion 
mechanism formechanochemical coupling of the typ 
where (8u/sJ) n >0 and where stretching of such mat- s 
rices causes the release of protons. The hydration- 
mediated apolar-poiar repulsion mechanism appears 
to be an order of magnitude more efficient in convert- 
ing chemical work into mechanical work. 

It may be emphasized here that any chemical 10 
means of changing the mean hydrophobicity of the 
polymer, such as an acid-base titrable function, 
dephosphorylatfon/phosphoryiation, reduction/oxi- 
dation of a redox couple, etc., can be used to bring 
about contraction/relaxation. Most transitions will 15 
occur on the side chains of certain amino acids, pref- 
erably one of the 20 genetically encoded amino acids 
or a derivative thereof. Especially preferred are 
changes that can occur to genetically encoded amino 
acids as a result of contact with a physiological envi- 20 
ronment Examples include ionization and neutrali- 
zation of Glu, Asp, Lys, and His side chains; oxidation 
of the thio group of Cys (for example to form cystine) 
or reduction of an oxidized form to Cys; amidation of 
Glu or Asp; and deamidation of Gin or Asn. It is also 25 
possible to attach a moiety containing a functional 
group that undergoes a transition under cond itions dif- 
ferent from those attainable for naturally occurring 
amino acid side chains. For example, a sulfate ester 
of Sercan be prepared in which sulfate ionizations will 30 
occur at a pH outside the range experienced by car- 
boxyiate groups. A change in the oxidation state of 
NAD, a flavin, or a quinone attached to an amino acid 
by reaction of a functional group in the modifying moi- 
ety and a functional group in an amino acid side chain 35 
is also effective. A specific example of such a mod ifled 
amino acid residue is a riboflavin attached to the car- 
boxylate group of a Glu or Asp residue through for- 
mation of an ester linkage. Another example would be 
a heme moiety covalentiy bonded to the side chain of 40 
an amino acid. For example, protoporphyin IX can be 
attached to the amino group of Lys through one of its 
own carboxylate groups. Heme A (from the cytoc- 
hromes of class A) could be attached in a similar man- 
ner. Change in the oxidation state of, or coordination 45 
of a ligand with, the iron atom in a heme attached to 
an amino add side chain can also be used to trigger 
the desired transition. 

It is also possible to exert fine control over the 
transition from a relaxed to a contracted state (or vice so 
versa) by controlling the average environment in 
which the various functional groups undergoing tran- 
sition are located. For example, the hydrophobicity of 
the overall polymer (and therefore the average 
hydrophobicity of functional groups present in th 55 
polymer) can be modified by changing the ratio of dif- 
ferent types of monomelic unit, as previously exem- 
plified. These can be monomelic units containing the 



functional group undergoing the transition or other 
monomelic u nits present in the polymer. For example, 
if the basic m nomeric unit is VPGVG and the unit 
undergoing transition is VPGKG, where K is a lysin 
residue, either the ratio of VPGVG unit to VPGKG 
units can be varied or a different structural unit, such 
as IPGVG, can be Included in varied amounts until the 
appropriate transitions temperature is achieved. 

In general, selection of the sequence of amino 
acids in a particular monomelic unit and selection of 
the required proportion of monomeric units can be 
accomplished by an empirical process that begins 
with determining (or looking up) the properties of 
known bioelastomers, making similar but different 
bioelastomers using the guidance provided in this 
specification, and measuring the transition tempera- 
ture as described herein and in the cited patents and 
patent applications. Preferably, however, one uses 
tables of relative hydrophobicity of amino acid resi- 
dues (either naturally occurring or modified) to com- 
pute the transition temperature without 
experimentation. For example, see Y. Nazaki and C. 
Tanford, J. Biol. Chem. (1971) 246:2211-2217, or 
H.B. Bull and K. Breese, Archives Biochem. Biophys. 
(1974) 161:665-670, for particularly useful compi- 
lations of hydrophobicity data. Some 30 different 
hydrophobicity scales exist, with the hydrophobicity 
scales that show tryptophan (Trp) as the most 
hydrophobic (or at (east one of the most hydrophobic) 
residues being more appropriate for the practice of 
the present invention. For example, a rough estimate 
can be obtained of the likely transition temperature by 
summing the mean hydrophobicrties of the individual 
amino acid residues in the monomeric units of the 
polymer and comparing the result to the sum obtained 
for polymers having known transition temperatures. 

More accurate values can be calculated for any 
given polymer by measuring transition temperatures 
for a series of related polymers in which only one com- 
ponent is varied. For example, polymers that mostly 
contain VPGVG monomers with varying amounts of 
VPGKG monomers (e.g., 2%, 4%, and 8% K) can be 
prepared and tested for transition temperatures. The 
test merely consists of preparing the polymer in 
uncrosslinked form, dissolving the polymer in water, 
and raising the temperature of the solution until turbi- 
dity appears, which indicates the precipitation of 
polymer from solution. If the transition temperatures 
are plotted versus the fraction of VPGKG monomer in 
the polymer, a straight line is obtained, and the frac- 
tion of VPGKG necessary for any other desired tem- 
perature (within the iimits indicated by 0% to 100% of 
the VPGKG monomer) can be obtained directly from 
the graph. When this technique is combined with the 
rough estimating ability of hydrophobicity summing as 
described abov , any desired transition temperature 
in the range of liquid water can b btafned. 
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CHEMICAL CLOCKS FOR CONTROLLING RATES 
OF DRUG RELEASE 

For biodegradable drug delivery systems, 
whether degradation occurs by enzymatic or by salt- s 
catalyzed hydrolytic cleavage, control of hydration 
becomes the key to rate of degradation. When begi- 
nning with drug-doped condensed matrices, theref- 
ore, controlling the extent and location of hydration 
(solvent swelling) is a key to drug release whether by 10 
diffusion, by release of entrapment or by cleavage of 
a drug-polymer bond. 

It is possible to have polymer matrices that are so 
dense and hydrophobic as to render them essentially 
non-biodegradable. This is even possible with 15 
polypeptide matrices, as has been shown with 
pdy(Glu-co-Leu), where 1:1 copolymer was recov- 
ered intact after 15 months in vivo (14). Nonetheless, 
treatment with dilute NaOH and neutralizing to pH7 
resulted in complete biodegradation. Presumably, 20 
based on the information developed by the present 
inventor, the dilute base treatment was sufficient to 
result in the formation of interfacial COO" moieties 
which could start the swelling process required lor 
degradation. However, no control mechanism was 25 
known for that system to allow preselection of diffe- 
rent degradation rates or conditions. 

The already described polypeptide matrices cap- 
able of exhibiting inverse temperature transitions, 
such as poly(VPGVG), poly(IPGVG), po!y(VPAVG), 30 
poly(VPGG), po!y(VAPGVG), poly(VPGFGVGAG), 
etc., where A = Ala and F = Phe, with water contents 
ranging from less that 1 0% to greater than 90% (1, 17- 
19), can be used in the practice of the present inven- 
tion without modification. Each of these material has 35 
a specific rate of degradation in different physiological 
situations and can be used as a drug-impregnated 
matrix for any use needing that degradation rate. Fur- 
thermore, the rate of degradation of such matrices in 
vivo can be varied from exhibiting half-lives of days to 40 
decades by modifications of the polymers as des- 
cribed herein. 

What is desired in providing control of drug 
release is an adequately responsive polymer coupled 
to a chemical dock with a broad range of selectable 45 
half-lives that would provide the trigger for swelling. 
Polymers that exhibit chemically modulable inverse 
temperature transitions are an ideal material for such 
drug delivery matrices, and bioelastic materials (elas- 
tomeric polypeptide biomaterials) form just such mat- so 
rices. 

Bioelastomeric material provide a chemically 
modulable polymer system as part of which there can 
be a controlled rate of presentation of more polar 
species such as the carboxylate ani n. By the 55 
mechanism described above where (5|i/6i) n <0, the 
pKa of a carboxyl moiety in a polymeric chain can be 
increased by increasingly vicinal hydroph bicrty 



(13,15). 

Asparagine (Asn) and glutamine (Gin) residues in 
a bioelastic monomer can function as one type of 
chemical clock that will control the swelling (and 
therefore degradation) rate of a dense, drug-contain- 
ing polymer. More than sixty pentameric sequences in 
which the central residue is Asn or Gin are known; at 
37°C in phosphate buffered saline pH 7.5 and ionic 
strength 0.15, the half-lives of the carboxamide side 
chains varies from six days for Gly-Ser-Asn-Hls-Gly to 
3409 days for Gly-Thr-Gln-AIa-Gly with Gly-lle-Asn- 
Ala-GIy having an intermediate half-life of 507 days 
(16). More hydrophobic residues wfll slow the decay 
further. 

While not necessarily water soluble as the free 
pentamers, the more hydrophobic carboxamide-corv 
taining pentamers could be part of larger polypep- 
tides. While a range for the half-lives of a factor of 500 
was demonstrated, with greater hydrophoblcity In the 
primary structure contributing to increased hatf-Iifes 
and lesser hydrophoblcity contributing to decreased 
half-lifes and with polypeptide folding (tertiary struc- 
ture) also contributing, it is possible to vary the half- 
lifes of drug-containing bioelastomeric matrices from 
days or fractions of days to decades. 

Interfacial hydrolytic cleavage of a carboxamide 
to carboxylate anion with resultant local swelling will 
lead to polymer degradation. The trigger of interfacial 
carboxamide hydrolytic cleavage can be preprogram- 
med by the sequence of the polypeptide, and by more 
general polypeptide hydrophoblcity, to occur at a 
given rate. The occurrence of this control step has the 
consequence of local swelling (over a distance of a 
few angstroms for an individual chemical change). 
The second control step over rate of drug release 
would be the rate of degradation of the polypeptide 
involved in the local swelling, which can also be enh- 
anced by having esters in the backbone (i.e., dep- 
sipeptides). The rate of hydrolytic cleavage of the 
backbone ester would depend on the hydrophoblcity 
of residues in the sequence most proximal to the ester 
residue as well as on vicinal hydrophobic^ contri- 
buted by folding. A third control step could be having 
the drug bound to the polypeptide through side chains 
by bonds that would also have different rates of cleav- 
age. Thus, preprogramming of drug release, by 
release from entrapment, by controlled swelling and 
subsequent degradation, and/or by subsequent hyd- 
rolytic cleavage of the polymer-drug bond, becomes 
possible when using matrices which undergo chemi- 
cally modulable inverse temperature transitions. 

The rate of carboxamide/carboxylate anion con- 
version is th initial and most significant control step 
for drug releas but additional control steps are poss- 
ibl such as introducing esters into the polypeptid 
backbone. The proximity of the backbone ester to 
hydrophobic moieties will affect its rate of hydrolytic 
cleavage further opening access to the eroding sur- 
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face. Also, the drug may b covalently attached to the 
polymer and the rate of this bond cleavage could also 
affect th rate of drug release. Of cours , the. drug 
could simply be trapped within the matrix with release 
occurring by diffusion on swelling and/or on backbone s 
degradation. 

Whether drug release is by controlled swelling 
with enhanced rate of degradation or by contraction 
with expelling of contents (described below), the 
devices can be designed with the specificity based on 10 
a unique chemical aspect of the target site much as 
proteins themselves are brought to fold or unfold, to 
assemble or disassemble and to function with highly 
cooperative response profiles and to do so at specific 
sites. 15 

DRUGS USEFUL IN THE PRACTICE OF THE 
. INVENTION 

Little attention has been paid so far in this dis- 20 
cussion to the drug that wilt be present in or attached 
to the biopoiymeric matrices. In fact, there are no 
known limits of the structure of drugs that can be used 
in compositions of the present invention. Accordingly, 
the word "drug" as used herein means any substance, 25 
whether of chemical or biochemical origin, that 
causes a physiological effect in a biological system. 
Examples of physiological effects include death (anti- 
biotics and toxins), blood clotting (coumarin), cell 
growth (platelet derived growth factor), analgesia 30 
(aspirin), and modification of pH (magnesium or cal- 
cium hydroxide). Drugs of any structure can be impre- 
gnated into a contracted bioelastomeric matrix and 
then released as the matrix swells and degrades or 
impregnated into a swollen matrix and expelled by a 35 
contraction of the matrix (discussed in more detail 
below). Since in either of these processes the matrix 
acts essentially as a sponge, the structure of the drug 
is of little interest Simple ions, such as lithium, can be 
impregnated in the matrix, but the matrix in penetrated 40 
by ions only with difficulty, so that a better tactic for 
ions is to capture the tons in a liquid inside a mem- 
brane made of a bioelastomer. A bioelastic mem- 
brane enclosing a liquid-filled space that contains a 
dissolved or suspended drug is not dependant on the 45 
structure of the drug, so that this type of structure can 
be used for any type of drug. Contraction of the mem- 
brane will expell the liquid through pores in the mem- 
brane or by membrane rupture. 

Larger drugs, whose diffusion out of the matrix is so 
inhibited, are preferred candidates for use with the 
embodiment of the present invention in which a drug 
is entrapped in the matrix. Preferred drugs for this 
embodiment have molecular weights of at least 200, 
more preferably at least 500. Since the size of pores 55 
in the matrix can be varied by controlling the degree 
of crosslinking of the bioelastomer (more crosslinking 
leading to smaller pores), considerable variation in 



size is possible, up to and including large molecules 
of biochemical origin, such as antibodies and other 
proteins. Accordingly, the upper limit of preferred 
molecular weights Is about 1,000,000, with more pre- 
ferred drugs having molecular weights of less than 
about 500,000, most preferably less than 250,000. 
Drugs trapped in the matrix can be non-polar, polar, 
or charged, without affecting their ability to be used in 
a drug delivery system of the invention. 

One class of drugs particulary preferred for use 
with bioelastic matrices are drugs based on polypep- 
tides. These can be small molecules, such as antibio- 
tics of the polypeptide class or chemotactic hexamers 
or nonamers of the types described in U.S. Patent 
4,693,718 (hexamers) or U.S. serial number 184,147, 
filed April 21, 1988 (nonomers; now allowed), or large 
proteins, such as antibodies or bioactive molecules 
such as erythropoietin. 

Other examples of specific drugs that can be 
used with this aspect of the invention include oxyto- 
cin, vasopressin, angiotensin, rennin, polymyxin, 
erythromycin, and coumarin. 

As an example of a bioelastic matrix loaded with 
a trapped (i.e., non-covalently attached) drug, see the 
Examples section of this specification. The chemotac- 
tic hexapeptide VGVAPG and the chemotactic 
nonapeptide GFGVGAGVP were loaded into a 
bioelastic matrix simply by lowering the temperature 
of a suspension containing a bioelastomer until the 
bioelastomer was in its swollen state. Chemotactic 
peptide was then added at various concentrations 
and the temperature of the suspension was raised 
unto the bioelastomer switched to its contracted state. 
In each case, some of the chemotactic material 
became trapped in the contracted matrix, the amount 
depending on the concentration of the chemotactic 
material in the original suspension. Other substance 
can be impregnated in a matrix of the invention in the 
same manner. 

Optionally, drugs can be attached to the 
polymeric backbone of the matrix by providing a cova- 
lent bond between a functional group on the drug and 
a functional group on a side chain amino acid of the 
polymer. Techniques for attaching biologically active 
compounds (i.e., drugs) to functional groups on vari- 
ous types of surfaces are well developed in the art and 
need not be described here in detail. As examples of 
known techniques for attaching biologically active 
molecules to surfaces, see PCT Publication No. 
8911271 (November 30, 1989; attaching lipids to a 
polymer), EPO Publication No. 339821 (November 2, 
1989; attaching biologically active materials to sur- 
faces via bifunctional reagents), EPO Publication No. 
338173 (October 30, 1989; use of ionic binding sites 
to join active molecules to a substrate), and PCT 
Publication No. 8908130 (September 8, 1989; attach- 
ing two proteins to each other). 

Preferred drugs for covalent attachment include 
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those having functi nal groups that allow easy attach- 
ment to the matrix. Such functional groups can b pre- 
sent as part of the m lecule commonly thought of as 
the drug, or a compound known t perate as a drug 
can be modified to include a functional group that is 
used for attachment, where the new molecule con- 
taining the functional group also exhibits biological 
active (although it may be of a different usualiy lesser, 
degree). Any loss of activity, however, will generally 
be offset by presentation of the drug in a composition 
that more accurately controlls presentation of the drug 
to various environments in the body being treated. 

Examples of suitable attachments include those 
in which the drug is attached to the polymer as a result 
of a chemical reaction between a functional group in 
the drug and a functional group in a side chain of an 
amino acid residue in the polymer. For example, the 
functional group in the drug can be an amino group 
and the functional group in the matrix can be a car- 
boxylate group; alternatively, the first (i.e., drug) func- 
tional group can be a carboxylate group and said 
second (i.e., matrix) functional group can be a hyd- 
roxy!, amino, or thiol group; the first functional group 
can be a thiol group and the second functional group 
can be a thiol or carboxylate group; or the first func- 
tional group can be a hydroxy! group and the second 
functional group can be a carboxylate group. 
Additionally, various btfunctional linking groups, such 
as diacids (e.g., succinic acid or glutamic acid), 
diamines (e.g., 1,4-diaminobutane), diones (e.g., 
gryoxal), amino acids (e.g., lysine), and hyd- 
roxyamines (e.g., 2-aminoethanol), can be used to 
link the two functional groups. 

DRUG DELIVERY USING MATERIALS CAPABLE 
OF MECHANOCHEMICAL COUPLING: 
SELECTED EXAMPLES: 

Given the number of ways that contraction and 
relaxation (swelling) can be chemically achieved, 
there are innumerable delivery constructs that may be 
used based on a chemically induced shift from one 
such state to the other. In this specification, such 
shifts will be referred to a changes Jn the contraction 
state of the bioelastomer, although they could equally 
well be referred to as changes in the relaxation state. 
Three systems that rely on such a change of contrac- 
tion state are discussed here in detail: 

(1) monoliths with preprogrammed chemical 
clocks where drug release is brought about by 
chemically triggered relaxation (swelling); 

(2) chemomechanical pumps where drug release 
is achieved by chemically driven contraction, as 
in the xpulsion f th contents of an lastic 
envelope or as in th wringing out of a spong ; 
and 

(3) nanospheres that may be site-targeted by size 
and also by chemical triggering. 



In th latter tw xamples, site-targeting could be 
achieved by a relatively small difference in a chemical 
prop rty such as pH. For pH, this can occur du to 
hydrophobicity-induced pk shifts and the coop rati- 

5 vity of the charging process involved in 
chemomechanical coupling (13, 15). Other mechan- 
isms also exist, as discussed herein. 

Carboxamide Chemical Clocks for Controlling 
Rate of Surface Swelling Followed by Degradation 

10 of Doped Monolith: This is accomplished by prepar- 
ing an non-degradable, contracted-state matrix con- 
taining a uniform distribution of drug (either 
impregnated in the matrix or covalently attached). 
Degradation of a slab monolith can occur once sufl> 

15 cient hydration is achieved, and sufficient hydration of 
the relatively hydrophobic matrix can occur once the 
temperature of the inverse temperature transition is 
raised above 37°C by chemical perturbation. The 
rate-limiting chemical perturbation in such a system is 

20 the rate at which a spontaneous reaction, such as 
hydrolysis, occurs at the aqueous milieu-slab inter- 
face. 

An example of a chemical trigger involving hyd- 
rolysis is the inclusion of asparagine (Asn) or 

25 glutamine (Gin) within the polymer sequence. The 
rate at which the carboxamide to carboxylate anion 
chemical perturbation occurs can be controlled by the 
hydrophobicity of adjacent residues and the folding of 
the remainder of the polymer chain. By property 

30 choosing the adjacent residues and hydrophobicity of 
the matrix in general, the half-life for the hydrolysis 
can be altered from days to decades, as has been pre- 
viously described. 

As depicted in Figure 2 and demonstrated in Fig- 

35 ure 1 , once a carboxylate anion is formed, it shifts the 
temperature for the swelling transition for the chains, 
within some few tens of Angstroms of the ion, from 
below to above body temperature. This will cause a 
surface layer to swell at a rate dependent upon the 

40 CONH2 to COO" transition. As the surface layer 
swells, the drug is released either by diffusion or, if 
covalentiy bonded to the polymer, by subsequent 
polymer backbone cleavage and/or polymer-drug 
bond cleavage. The rates of these latter cleavages 

45 can be sufficiently slow as to contribute to the overall 
rate of drug release or they can be faster than the 
CONHfeto COO" transition such that the deamidation 
step would be rate limiting, in accordance with the 
desires of the user. As the surface layer swells and 

so sufficient water and salts can approach new car- 
boxamides, they can also undergo cleavage with their 
characteristic rates. The process continues until the 
slab is degraded. 

It should also b appreciated that the chemical 

ss clock can b th drug-polymer bond itself (for 
example, an ester or amide bond to a Glu, Asp, or Lys 
residue) within the matrix with an appropriately 
altered vicinal hydrophobicity to control rate of hyd- 
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rolytic or enzymatic cleavage. 

Hydroph bicity Induced pKa Shifts and 
Coop nativity for lonisation In Matrices Capable of 
Ch momechanical Coupling: At the molecular 
level, the mechanism for mechanochemical coupling 5 
is considered in water- and structure-limited systems 
to arise out of the competition of the apolar 
(hydrophobic) and polar species for hydration. As the 
hydrophobic moiety with its waters of hydration 
becomes too proximal to a polar species with its hyd- 10 
ration shell, the interceding water molecules cannot 
simultaneously provide for the free energies of hyd- 
ration of both the apolar and polar species with the 
result of an unfavorable increase in free energy. This 
has profound effects on an ionizable polar species 15 
such as the COOH/COO- couple. With the cross-lin- 
ked matrix of poly[4(VPGVG),(VPGEG)], at low pH 
the matrix is contracted. Even though the relatively 
hydrophobic matrix when contracted is more than 
50% water by weight, the system is water-limited. As 20 
the pH is raised, the ionization of the COOH is delayed 
because of inadequate waters of hydration for the 
COO- moiety. This leads to an increase in the pKa in 
proportion to the hydrophobicity of the matrix (13,15). 
As the first few COO- moieties do appear, they cause 25 
the matrix to swell making it easier for subsequent 
anions to form. There is therefore a cooperative 
effect, and the titration curve becomes steeper as 
shown in panel A of Figure 3. If the titrable group is a 
cationic chemical couple as -NH3+/NH2 or as the 30 
His+/His (imidazolium/imidazole) couple, the free 
energy of the more polar species is again most signifi- 
cantly raised. The result is a pKa that is lowered and 
again a cooperative effect is observed as depicted in 
panel B of Figure 3. The cooperative effect, apparent 35 
as the steepened pH dependence for the degree of 
ionization and for the mechanochemical coupling, 
means that a site with a more acidic pH could either 
selectively cause a contraction (for an anionic chem- 
ical couple) or a swelling (for a cationic chemical 40 
couple) of a matrix capable of exhibiting chemical 
modulation of an inverse temperature transition. 

Compositions useful for this embodiment can be 
prepared as previously described when the drug is 
impregnated in the matrix without covalent attach- 45 • 
ment; namely by swelling a normally contracted (at 
the operating temperature) matrix in a solution or sus- 
pension of the drug at a low temperature and then 
raising, the temperature of the solution until the matrix 
contracts, trapping the drug in the pores of the matrix. so 
The matrix itself can be prepared in any of the man- 
ners previosly described; see any of the U.S. Patents 
previously cited. When the drug is covalently attached 
to the matrix, several attachment procedures are 
possibl .For example, the drug can be attached t an 55 
amino acid and the drug-modified amino acid used in 
th synthesis of the monomeric units from which the 
polymer is made. Alternatively, the drug can be 



attached to a functional group in the side chain of the 
matrix after th matrix is formed, attached to a ter- 
minus of the polymer chain, or attached randomly to 
the chain throughtthe use of a highly reactive function 
group. All of these techniques for modifying bioelas- 
tomers (for other purposes) are described in earlier 
patents and latent application. 
Chemomechanical Pumps: Two constructs for 
chemomechanical pumps may be considered, one 
where a chemomechanical membrane surrounds the 
drug as shown in panel A of Figure 4 and the other a 
monolith which on contraction much as a sponge deli- 
vers its drug (panel B). Both of these constructs pro- 
vide site specific release of drug, whenever a site has 
a sufficiently distinct chemical property. A unique 
property of a site can be a pH other than the usual ext- 
racellular pH; it can be an increased enzyme activity; 
it can be the increased concentration of either compo- 
nent of a redox couple; it could be an enhanced oxida- 
tive capacity with excess superoxide, hydrogen 
peroxide or hypochlorite, eta; or it could even be a dif- 
ferent salt concentration (20). Also, rather than a con- 
tractile release, a degradational release could be 
achieved by a site specific chemical signal resulting 
in swelling and enhanced degradational release as 
considered for the chemical clock except that the 
stimulus of the site to which the composition is trans- 
ported would provide the stimulus rather than the pre- 
programmed chemical clocks acting in a single 
location. 

Each of these constructs is easily prepared. Pre- 
paration of a sponge-like construct has already been 
discussed. However, instead of selecting a bioelas- 
tomer that will be contracted at body temperature, as 
is desired for an implant that will release drug by swel- 
ling and degrading, for this embodiment a bioelas- 
tomer is selected that will remain in the relaxed state 
until an appropriate chemical or other environmental 
condition is achieved, such as a change in pH on pas- 
sing from the stomach to the small intestine. Contrac- 
tion of the matrix upon contact with the appropriate 
environment expells the drug impregnated in the mat- 
rix. 

Envelope-like embodiments can be prepared in 
much the same manner as liposomes and other mem- 
brane-encased liquids, typically by subjecting a sus- 
pension of the membrane-forming material in a 
solution or suspension of the drug to high shear for- 
ces. It is also possible to manufacture capsules in a 
variety of sizes and with appropriate pores as desired 
using standard manufacturing techniques for cap- 
sules, as the bioelastomers described herein lend 
thems Ivest such manufacturing processes. 
Nan spheres: Particles f different radii can be pro- 
duced by cross-linking particles formed during th 
stage of nucleation and accretion that occurs just bef- 
ore the inverse temperature transition. At this stage, 
particle diam ters from 10 to 1000 nm have been 
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observed (21,22), and particles of other sizes can be 
prepared by manipulation of the solution of bioelas- 
tomer (such as by allowing accretion t proceed r by 
subj ctingth solution to high shear forces). Th par- 
ticles can be cross-linked by any of a nu mber of ways 5 
including y-irradiation, and they can have drugs 
attached or impregnated therein. Accordingly, sites 
differentially reachable by particle size can be sites for 
selective drug delivery, and size specificity can rea- 
dily be coupled to chemical specificity as noted above. 10 

One example of such a system, in which differen- 
tial drug distribution is based on particle size alone, is 
the proposed use of particles of a size selected to be 
excluded by the vascular bed of normal tissue but 
which can pass into the vascular bed of tumors, which 15 
have been reported to pass larger particles. Such par- 
ticles are generally about 0.1 micron in diameter. 
When particles of an appropriate size to achieve this 
selective distribution also are selected so that they 
release their drug contents only if an appropriate 20 
chemical trigger is present (such as a pH more acidic 
than that found in normal tissue, a common property 
of tumors), then a doubly selective drug delivery sys- 
tem is provided, which can allow for the use of highly 
cytotoxic substance for cancer control while minimfz- 25 
ing the release of the toxins in inappropriate locations. 

The invention now being generally described, the 
same will be better understood by reference to the fol- 
lowing examples, which are provided for purposes of 
illustration only and are not to be considered limiting 30 
of the invention unless so specified. 

EXAMPLE 

Induction of fibroblast migration using 35 
bioelastomers impregnated with chemotactic 
polypeptides 

Chemotaxls assays were run to determine the 
concentration of diffusible hexapeptide and nonapep- 40 
tide chemotactic peptides most suitable for impreg- 
nation in a crosslinked polyhexapentapeptide/ 
polynonapentapeptide matrix intended for use in tis- 
sue reconstruction. The chemotactic hexapeptide is 
described in U.S. Patent No. 4,605,413. The 45 
chemotactic nonapeptide is described in U.S. Patent 
No. 4,693,718. Formation of the matrix is described in 
detail in U.S. Patent No. 4,870,055. This is a matrix 
that does not contain chemically modifiable groups 
and therefore does not fail within the scope of the pre- so 
sent invention. However, the Example shows how 
drugs can be impregnated into a bioelastic matrix and 
how the amount of drug contained in the matrix can 
be varied to achi v a desirec biological ffect 

The initially insoluble (at room temperature) mat- 55 
rix was swollen at 5 C in solutions of different concen- 
trations of the monomers, taken to 37°C (above th 
transition temperature; therefore in a contracted 
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state), and us d in the migration experiment Th fib- 
roblast migration experim nt is describ d in U.S. 
Patent No. 4,693,718. 

Figure 5 gives the data forth 20 MRAD-crosslin- 
ked elastomeric polyhexapentapeptide doped with 
various concentrations of the chemotactic hexapep- 
tide. The peak of activity was at an impregnation con- 
centration of 10-* M, and consequently a series of 
implants designed for tissue reconstruction (see U.S. 
application serial number 184,873, filed April 22, 
1988, for a description of the implant) was prepared 
with this concentration. As shown in Figure 5, the 
positive control (platelet-derived growth factor; 
PDGF) showed good response with a net migration of 
65 cells per high power (40X) field (hpf). Polypen- 
tapeptide alone showed some directed migration, 10 
cells per hpf, but this is almost at background level 
and is not significant Hexapeptide alone at 10" 9 M 
and hexapeptide at 10 -9 M plus polype ntapeptide 
(PPP) elicited positive responses, a significant finding 
indicating that the insoluble polyhexapentapeptide 
matrix is not Inhibiting the chemotactic activity of the 
hexapeptide. There is interaction between the 
polyhexapentapeptide matrix and the hexapeptide, 
though, because the peak of activity for hexapeptide 
alone is 10-®M. 

Figure 6 shows the data for the polynonapen- 
tapeptide and the nonapeptide. The same obser- 
vations pertaining to Figure 5 also apply to Figure 6; 
i.e., good positive response, low PPP-elicited back- 
ground migration, and similar response between 
nonapeptide alone and with PPP. The concentration 
curve for the nonapeptide alone (data not shown) 
peaked atlO^M. 

All publications and patent applications men- 
tioned in this specification are herein incorporated by 
reference to the same extent as if each individual 
publication or patent application was specifically and 
individually indicated to be incorporated by reference 
at the location where cited. 

The invention now being fully described, it will be 
apparent to one of ordinary skill in the art that many 
changes and modifications can be made thereto with- 
out departing from the spirit or scope of the appended 
claims. 



Claims 

1. A drug delivery composition including: 

(1) a bioelastic polymer, comprising elas- 
tomeric units selected from the group consist- 
ing of bioelastic pentapeptides, tetrapeptides, 
and n napeptid s; and 

(2) a drug r tained by said polymer; 
wherein said polymer is selected to be in a first 
state which is a contracted or a relaxed bioelas- 
tomer state, when contacted with a first 
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physiological condition present in a human or ani- 
mal to whom said composition is administered 
and wh rein said polymer contains a reactiv 
functional group that undergoes a reaction, either 
in the presence of said first physiological condi- 
tion or when said polymer is transported by a 
natural process in said human or animal to a loca- 
tion having a different physiological condition, to 
produce a second functional group, wherein the 
presence of said second functional group in said 
polymer causes said polymer to switch to a sec- 
ond of said states, thereby making said drug 
available for release from said matrix. 

2. The composition according to claim 1, wherein 
said polymer comprises a series of p-turns sepa- 
rated by dynamic bridging segments suspended 
between said p-turns. 

3. The composition according to claim 2, wherein 
said polymer consists essentially of polypeptide 
elastomeric monomers, each of which comprises 
ap-turn. 

4. The composition according to claim 2 or claim 3, 
wherein said polymer comprises intervening 
polypeptide segments between at least some 
elastomeric monomers. 

5. The composition according to any one of the pre- 
ceding claims, wherein said drug is covalently 
attached to said polymer. 

6. The composition according to claim 5, wherein 
said drug is attached to said polymer as a result 
of a chemical reaction between a first functional 
group in said drug and a second functional group 
in a side chain of an amino acid residue in said 
polymer. 

7. The composition according to claim 6, wherein (1 ) 
said first functional group is an amino group 
andsaid second functional group is a carboxylate 
group; or (2) said first functional group is a car- 
boxylate group and said second functional group 
is a hydroxyl, amino, or thiol group; or (3) said first 
functional group is a thiol group and said second 
functional group is a thiol or carboxylate group; or 
(4) said first functional group is a hydroxy] group 
and said second functional group is a carboxylate 
group. 

8. The composition according to claim 6, wh rein 
said first functional group is joined to said second 
functional group through a bifunctional bridging 
group. 

9. The composition according to any one of claims 
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1 to 4, wherein said drug is retained by said 
polymer without being covalently attached to said 
polym r. 

5 10. The composition according to any one of the pre- 
ceding claims, wherein said polymer has a 
composition selected to maintain said polymer in 
the contracted state when said polymer is contac- 
ted with said first physiological condition. 

10 

11. The composition according to claim 10, wherein 
said polymer contains a first functional group that 
reacts in said first physiological condition to form 
a second functional group, whereby the presence 

15 of said second functional group causes said 
polymer to switch from said contracted state to a 
relaxed state. 

12. The composition according to claim 11, wherein 
20 said drug is covalently attached to said polymer 

by a bond cleavable under said physiological con- 
dition. 

13. The composition according to any one of claims 
25 1 to 9, wherein said polymer has a composition 

selected to maintain said polymer in the relaxed 
state when said polymer is contacted with said 
physiological condition. 

30 14. The composition according to claim 13, wherein 
said polymer contains a first functional group that 
reacts when said polymer contacts said different 
physiological condition to form a second func- 
tional group, whereby the presence of said sec- 

35 ond functional group causes said polymer to 
switch from said relaxed state to a contracted 
state. 

15. The composition according to claim 14, wherein 
40 said polymer retains said drug without being 

covalently attached thereto and contact of said 
polymer with said different physiological condi- 
tion causes said drug to be expelled from said 
composition. 

45 

16. The composition according to any one of the pre- 
ceding claims, wherein said polymer is in thefbrm 
of a nanosphere having a diameter of from 0.005 
to 10 microns. 

50 

Claims for the following Contracting States: 
ES,GR 

1. A meth d of making a drug delivery composition 
55 including retaining a drug by a bio lastic polymer, 
comprising elastomeric units selected from the 
group consisting of bioelastic pentapeptides, tet- 
rapeptides, and n napeptides; wherein said 
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polymer is selected to be in a first state which is 
a contracted or a relaxed bioelastomer state, 
when contacted with a first physiological condi- 
tion present in a human or animal to whom said 
composition is administered and wherein said 
polymer contains a reactive functional group that 
undergoes a reaction, either in the presence of 
said first physiological condition or when said 
polymer is transported by a natural process in 



3. The method according to claim 2, wherein said 
polymer consists essentially of polypeptide elas- 
tomeric monomers, each of which comprises a p- 
turn. 



group. 

9. The method according to any one of claim 1 to 4, 
wherein said drug is retained by said polymer 

5 without being covalently attached to said 
polymer. 

10. The method according to any one of the preced- 
ing claims, wherein said polymer has a compo- 
sition selected to maintain said polymer in the 
contracted state when said polymer is contacted 
with said first physiological condition. 

11. The method according to claim 10, wherein said 
polymer contains a first functional group that 
reacts in said first physiological condition to form 
a second functional group, whereby the presence 
of said second functional group causes said 
polymer to switch from said contracted state to a 
relaxed state. 

12. The method according to claim 11, wherein said 
drug is covalently attached to said polymer by a 
bond cleavable under said physiological condi- 

25 tion. 

13. The method according to any one of claims 1 to 
9, wherein said polymer has a composition selec- 
ted to maintain said polymer in the relaxed state 
when said polymer is contacted with said 
physiological condition. 



4. The method according to claim 2 or daim 3, whe- 
rein said polymer comprises intervening polypep- 
tide segments between at least some elastomeric 30 
monomers. 



said human or animal to a location having a drffe- 10 
rent physiological condition, to produce a second 
functional group, wherein the presence of said 
second functional group in said polymer causes 
said polymer to switch to a second of said states, 
thereby making said drug available for release is 
from said matrix. 

2. The method according to claim 1, wherein said 
polymer comprises a series of p-turns separated 
by dynamic bridging segments suspended be- 20 
tween said p-turns. 



5. The method according to any one of the preced- 
ing claims, wherein said drug is covalently 
attached to said polymer. 

6. The method according to claim 5, wherein said 
drug is attached to said polymer as a result of a 
chemical reaction between a first functional group 
in said drug and a second functional group in a 
side chain of an amino acid residue in said 
polymer. 

7. The method according to claim 6, wherein (1 ) said 
first functional group is an amino group and said 
second functional group is a carboxylate group; 
or (2) said first functional group is a carboxylate 
group and said second functional group is a hyd- 
roxy I p amino, or thiol group; or (3) said first func- 
tional group is a thiol group and said second 
functional group is a thiol or carboxylate group; or 
(4) said first functional group is a hydroxyl group 
and said second functional group is a carboxylate 
group. 

8. The meth d according to claim 6, wherein said 
firstfunctional group is join d to said second func- 
tional group through a bifunctional bridging 



14. The method according to claim 13, wherein said 
polymer contains a first functional group that 

35 reacts when said polymer contacts said different 
physiological condition to form a second func- 
tional group, whereby the presence of said sec- 
ond functional group causes said polymer to 
switch from said relaxed state to a contracted 

40 state. 

15. The method according to claim 14, wherein said 
polymer retains said drug without being cova- 
lently attached thereto and contact of said 

45 polymer with said different physiological condi- 

tion causes said drug to be expelled from said 
composition. 

16. The method according to any one of the preced- 
50 ing claims, wherein said polymer is in the form of 

a nanosphere having a diameter of from 0.005 to 
10 microns. 
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FIGURE 1: 
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FIGURE 2: Carboxamlde Chemical Clock tor Controlling Rata of Surface 
SwalUno Foliowad by Degradation of Monolith Slab, Uniformly 
Dopad with Drug 7 
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HGURE St CooptrtthHty and pK shifts In SufBd«ntJy Hydrophobic 
Matricts Cspabls of Mochanochomteal Coupling 

A. Anionic Chomfcal Coup* («.g. COOH/COQ-) 




B. Cattonic Chtmteal Couplt (t.g. imitoolhjm/lmidazolo. Hi«*/Hii) 




pH 
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FIGURE 4: 



Mtctianochtmical Pump* 




17 



EP 0449 592 A1 



FIGURE* 5 
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FIGURE 6 



RbfoMoM Migration with X*°-P(Nf>)P Doprt with H-GR5VGAGVP-0H 
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